(1) Evidence for the role of single nucleotide polymorphisms of the X-ray cross-complementing group 1 (XRCC1) gene as genetic markers for glioma risk is conflicting. Therefore, we performed a meta-analysis to identify statistical evidence for an association between the XRCC1 Arg399Gln, Arg194Trp, Arg280His polymorphisms and glioma risk by accumulating all published data. (2) Experimental design was strict and reasonable, and every possible mode of inheritance was considered. Dominant and recessive genetic models were assumed and, at the same time, the relationship between homozygous mutant genotype frequencies and mutant gene frequency and glioma incidence was investigated. (3) Meta-analysis results verified that the XRCC1 Arg399Gln polymorphism may be a biomarker of glioma susceptibility, especially in Asian populations. The Arg194Trp and Arg280His polymorphisms were found not to be associated with overall glioma risk.
INTRODUCTION
Malignant glioma is the most common primary brain tumor in adults [1] . Astrocytic, oligodendroglial and ependymal origins account for more than 80% of all brain tumors [2] .
Glioblastoma is the most frequent (65%) and malignant histological type [3] . The incidence rates of brain tumors have been rather stable since the introduction of CT and MRI; what is more, there is a tendency of higher rates in more developed and industrialized countries [4] . The etiology and pathogenesis of glioma are still unclear. In humans, the only confirmed environmental risk factor for brain tumors is ionizing radiation [5] [6] [7] [8] [9] [10] [11] . Many kinds of DNA damage, such as oxidative damage to nucleotide bases, single or double-strand breaks in DNA chains, and DNA-protein or DNA-DNA covalent cross-links, may be induced by ionizing radiation, which, however, only accounts for a minority of brain neoplasms. Some reports [12] [13] [14] have indicated that Caucasians have a higher incidence of brain tumors than Asian or black populations, but this finding may reflect socioeconomic differences and under-ascertainment in some regions, rather than differences in genetic susceptibility. Currently, it is believed that variability in DNA repair capacity plays an important role as a modifier of cancer risk [15] .
Single nucleotide polymorphisms within the DNA repair genes have been associated with increased risk of several cancer types [16] . A large number of genes in different pathways are involved in DNA strand repair to maintain genomic stability [17] .
X-ray cross-complementing group 1 (XRCC1) is a DNA repair gene that participates in the base excision repair pathway. XRCC1 is located on human chromosome 19q13.2 and spans a genetic distance of 32 kb, including of 17 exons that encode a 70-kDa protein [18] [19] , which functions in the repair of single-strand damage, the most common lesions in cellular DNA [20] . Biological and biochemical evidence has indicated a direct role for XRCC1 in base excision repair [21] , because it interacts directly with poly (ADP-ribose) polymerase, DNA polymerase-β, and DNA ligase III. Eight nonsynonymous coding single nucleotide polymorphisms were reported in XRCC1 and three of them have been investigated widely because they lead to amino acid changes in the XRCC1 protein; namely, the single nucleotide polymorphisms in codon 194 in exon 6 (base C to T; amino acid Arg to Trp), codon 280 in exon 9 (base G to A; amino acid Arg to His), and codon 399 in exon 10 (base G to A, amino acid Arg to Gln) [22] [23] [24] .
To date, many studies have been performed to investigate the association between the XRCC1 polymorphisms and risk of cancers such as breast cancer [25] , and gastroesophageal cancer [26] , but the number of studies that focused on glioma is relatively small [27] . Evidence regarding the role of the single nucleotide polymorphisms in XRCC1 as genetic markers for glioma risk is inconsistent [27] [28] [29] [30] [31] [32] . The relatively small sample sizes, weak effects, or low penetrances that have been used in published studies may be some of the reasons for the contradictory results. Therefore, we performed a meta-analysis to identify statistical evidence for the association between the XRCC1 Arg399Gln, Arg194Trp, Arg280His polymorphisms and glioma risk by examining all the published data.
MATERIALS AND METHODS

Data retrieval
A systematic literature search in PubMed, Embase, the China National Knowledge Infrastructure database (www.cnki.net), and the Wanfang database (www. wanfangdata.com.cn) was performed to identify studies that evaluated XRCC1 polymorphisms and glioma risk (search was last updated on August 1, 2012 from January, 2000). The search terms were as follows: "glioma", "polymorphism or variant or variation" and "XRCC1 or X-ray repair cross-complementing group 1". The languages of the articles were limited to English and Chinese. References cited in the retrieved articles were also screened manually to identify additional eligible studies.
Inclusion and exclusion criteria
Inclusion criteria were defined as follows: (1) case-control design was based on unrelated individuals, and "glioma", or "glioblastoma", or "astrocytoma"; (2) genotype frequency was available for the cases and controls, and at least one of the three polymorphisms, Arg399Gln, Arg194Trp, or Arg280His was studied. Exclusion criteria were: (1) abstracts, reviews, and unpublished reports were not considered; (2) investigations in subjects with family history or cancer-prone disposition were excluded; (3) if more than one study by the same authors using the same case series was published, then only the most recent or complete study was included.
Data extraction
Two investigators independently extracted the following terms from all the eligible publications: first author, year of publication, country of origin and ethnicity of the subjects, characteristics of the cancer cases and controls (population-based, hospital-based, or mixed controls), and genotyping information. For studies that included subjects from different ethnic groups, the data were extracted separately and categorized as Caucasian, Asian, or mixed. Mixed was used when ethnicity information was insufficient and the ethnic groups could not be determined based on the data presented in the article. The two investigators examined the terms and, where necessary, reached a consensus after discussion.
Main outcome measures
Association of the XRCC1 Arg399Gln, Arg194Trp, and Arg280His polymorphisms with the risk of glioma. Subgroup analyses were performed according to different ethnicities of the subjects. The association between the XRCC1 polymorphisms and the risk of glioma was, measured by odds ratio (OR) and 95% confidence interval (CI) using the RevMan (Review Manager) 5.0 software (http://ims.cochrane.org/ revman). The significance of OR was evaluated using a Z-test and considered statistically significant when P was < 0.05. Subgroup analyses were performed according to the different ethnicities. Heterogeneity among studies was evaluated using a Q-test [33] , and P < 0.10 was considered significant. Heterogeneity was calculated using the I 2 metric [34] , which is independent of the number of studies used in a meta-analysis [35] . When P > 0.10, the pooled OR was calculated by the fixed-effects model; otherwise, the random-effects model was adopted. Hardy-Weinberg equilibrium among the controls for each study was examined using Pearson's chi-square test (P < 0.05 was taken to indicate deviation from Hardy-Weinberg equilibrium). Sensitivity analysis was carried out by including and excluding studies that were not in Hardy-Weinberg equilibrium [36] . Publication bias was assessed using Egger's test and an inverted funnel plot [37] . All statistical analyses were performed using RevMan 5.0 and the Stata 12.0. software (StataCorp LP, College Station, Texas, USA).
Statistical analysis
RESULTS
Retrieval results
After an initial search, 45 results were identified and 17 case-control studies were selected for further evaluation. After reading the full texts of the articles, five studies were excluded. One study was excluded because the subjects had a family history or cancer-prone disposition [38] , three were excluded because they reported non-applicable data [39] [40] [41] , and one control study was excluded because of overlapping or duplicated data [42] .
Thus, 12 studies remained for data extraction ( Figure 1 ). Seven case-control studies were performed using Caucasian subjects [27] [28] [29] [30] [31] [32] 43] , four used Asian subjects [44] [45] [46] [47] , and one study used mixed subjects [48] .
General characteristics of included studies
The 12 included studies were all case-control studies.
The characteristics of each case-control study are listed in Table 1 .
Meta-synthesis results
XRCC1 Arg399Gln and glioma
Among the selected articles, there were 3 786 glioma cases and 6 038 controls for Arg399Gln from 11 studies [27-32, 43-45, 47-48] . The genotype and allele distributions for each case-control study are shown in Table 2 . Gln399 allele frequencies among the Caucasian and Asian controls were 35.00% and 30.86%, respectively. Significant heterogeneity existed between the 11 comparisons (I 2 = 85%, P < 0.001) when considering
Arg399Gln. There was no evidence that the Gln allele was associated with glioma cancer risk among the studied populations. The pooled OR was 1.17, 95%CI = 0.98-1.40, by the random-effects model (Z = 1.73, P = 0.08). No significant difference in glioma risk was found in the recessive model (OR = 1.16, 95%CI = 0.89-1.51, P = 0.28). In the dominant model, however, significant differences in glioma risk were found (Gln/Gln + Gln/Arg versus Arg/Arg: OR = 1.26, 95%CI = 1.03-1.54, P = 0.02; Figure  2 ). Individuals carrying the XRCC1 Gln/Gln genotype did not show elevated cancer risk compared with individuals with the Arg/Arg genotype (OR = 1.39, 95%CI = 1.00-1.93, P = 0.05). To study ethnic effects, a subgroup meta-analysis was performed for the Caucasian and Asian populations. No effect of Gln on susceptibility was observed in the Caucasian subgroups (OR = 1.19, 95%CI = 0.95-1.50, P = 0.13), but Gln increased glioma risk in the Asian subgroups (OR = 1.34, 95%CI = 1.12-1.60, P = 0.002). Significantly increased risk was also found for Asian subjects using the recessive (OR = 1.46, 95%CI = 1.04-2.05, P = 0.03) and dominant models (OR = 1.40, 95%CI = 1.10-1.78, P = 0.007), and homozygote contrast (OR = 1.69, 95%CI = 1.17-2.45, P = 0.005).
XRCC1 Arg194Trp and glioma
Eight of the studies included 3 448 glioma cases and 5 683 controls for Arg194Trp [32] [33] [34] [35] [36] [37] [38] 40] . The genotype and allele distributions for each study are listed in Table 3 . We analyzed the data using the allele contrast (Gln versus Arg), recessive and dominant models (Figure 3) , and homozygote contrast (Gln/Gln versus Arg/Arg). The Trp194 allele frequency of 27.6% in the Asian controls was significantly higher than the frequency of 6.6% found in the Caucasian controls. Overall, no significant differences were found in the glioma patients and controls in the four comparisons and no significant associations were found in populations with different ethnicity.
XRCC1 Arg280His and glioma
Four studies [27, 32, [44] [45] that reported 1 439 glioma cases and 2 564 controls were included. The genotype and allele distributions for each study are shown in Table 4 . To date, only four studies investigated the Arg280His polymorphism and cancer risk; therefore, we did not perform stratification analysis because each subgroup included only two studies. Hospital-based case-control study
Li-E Wang [28] 2004 Caucasian USA Arg399Gln 309/342 Hospital-based case-control study Martha J. Felini [29] 2007 Caucasian USA Arg399Gln 366/427 Population-based case-control study Elif Yosunkaya [30] 2010 Caucasian Turkey Arg399Gln 119/180 Hospital-based case-control study Yanhong Liu [31] 2009 Caucasian USA Arg399Gln, Arg194Trp 373/364, 210/365 Population-based case-control study Preetha Rajaraman [32] 2010
Hospital-based case-control study Anne Kiuru [27] 2008 [46] 2007 Asian China Arg194Trp 756/736 Hospital-based case-control study Jianming Liu [47] 2011
Asian China Arg399Gln 89/89 Hospital-based case-control study A.C. Custódio [48] 2011
Mixed Brazil Arg399Gln, Arg194Trp 80/100, 80/100 Hospital-based case-control study SNP: Single nucleotide polymorphism. 
Li-E Wang [28] 2004 [31] 2009 Caucasian 149 224 169 195 Preetha Rajaraman [32] [31] 2009 Caucasian 209 1 362 3 Preetha Rajaraman [32] We used allele contrast (Gln versus Arg) and the dominant model (His/His + Arg/His versus Arg/Arg) for the analysis because His frequency was low (7.9% in the controls).
Neither the 280His allele (OR = 1.05, 95%CI = 0.88-1.25, P = 0.6) nor His/His + Arg/His (OR = 1.00, 95%CI = 0.82-1.22, P = 0.99) showed evidence of association with glioma risk (Figure 4 ).
Heterogeneity and sensitivity analysis
Significant heterogeneity between studies was observed in some comparisons, and the detailed data are shown in Table 5 .
Random-effects models were used when necessary to evaluate the combined ORs. Sensitivity analysis was carried out by the sequential omission of studies that did not comply with Hardy-Weinberg equilibrium under various comparisons in all populations and in the different ethnicity subgroups. For Arg399Gln, and Gln/Gln + Gln/Arg versus Arg/Arg, the exclusion of three studies in which the genotype distributions among the controls deviated from Hardy-Weinberg equilibrium significantly influenced the result of the meta-analysis; that is, Gln/Gln + Gln/Arg versus Arg/Arg with OR = 1.26, 95%CI = 1.03-1.54, P = 0.02 changed to OR = 1.25, 95%CI: 0.99-1.57, P = 0.06 after the exclusion. In the other comparisons, the significance of pooled ORs was not influenced by any single study on the population as a whole or on subgroups.
We investigated the XRCC1 Arg194Trp and Arg280His polymorphisms using the same method, and found that none of the pooled results was significantly affected by addition or removal of any individual study that deviated from Hardy-Weinberg equilibrium.
Publication bias
We performed a Begg's funnel plot and Egger's test to assess publication bias of all included studies. Publication bias for Arg399Gln was detected under the dominant model; however, the shape of the funnel plot seemed symmetrical, indicating that there was no obvious publication bias ( Figure 5 ). [27] 2008 Egger's test provided further statistical evidence that there was no significant publication bias in the metaanalysis (Egger's test: Gln/Gln + Gln/Arg versus Arg/Arg: t = 1.50, P = 0.167; Gln versus Arg: t = 0.75, P = 0.474; Trp versus Arg: t = 1.17, P = 0.295; and His versus Arg: t = -0.33, P = 0.776).
DISCUSSION
DNA damage repair plays a major role in protecting genomes from assaults of various oncogenic mutations as the result of premutational DNA damage [49] . Base excision repair is an important pathway of damage repair. DNA damage generated by different carcinogenic agents can be repaired primarily through the base excision repair pathway, which is composed of many DNA repair genes. Human XRCC1 is an important component of the base excision repair pathway that fixes base damage and DNA single-strand breaks caused by ionizing radiation exposure [24] . XRCC1 constitutes one of the components in the base excision repair pathway [50] . XRCC1 was found to have no catalytic activity; rather, it acts as a physical scaffold by associating with DNA ligase III, DNA polymerase B, human apurinic/apyrimidinic endonuclease, polynucleotide kinase, and poly adenosine diphosphate ribose polymerase [51] [52] .
Polymorphisms in the XRCC1 gene have been reported to be associated with altered risk of several types of cancer. While the XRCC1 399Gln (G) allele was found to be a risk factor for breast [53] and rectal cancers [54] , the Arg/Gln (AG) genotype was found to be protective against leukemia, multiple myeloma, head and neck carcinoma [55] , and the Gln/Gln (GG) genotype was protective against sporadic breast cancer [56] .
However, the association between the XRCC1 polymorphisms and glioma risk has been investigated only in the past five years and the number of studies is relatively rare, and the results have been inconsistent. Five different studies concluded that XRCC1 polymorphisms lack any association with glioma risk [27] [28] [29] [30] 32] , while a study in 2009 found the opposite result [31] . Thus, we performed a metaanalysis to comprehensively analyze the associations. We evaluated the association between the XRCC1 polymorphisms Arg399Gln, Arg194Trp and Arg280His and risk of glioma based on 12 case-control studies. For the Arg399Gln polymorphism, an overall effect was found in the dominant model (Gln/Gln + Gln/Arg versus Arg/Arg), which is inconsistent with the findings of Wang et al [28] , Felini et al [29] , and Kiuru et al [27] .
For the association of the Arg194Trp and Arg280His polymorphisms and glioma risk, the meta-analysis did not reveal a significant effect in allele contrast, the recessive genetic model, the dominant genetic model, or homozygote contrast. These findings suggest that the XRCC1 Arg194Trp polymorphism, rather than the Arg280His and Arg399Gln polymorphisms, may play a role in susceptibility to cancers [57] . Although the association of the XRCC1 Arg194Trp and Arg280His polymorphisms with the incidence of glioma has not yet been clearly defined, these polymorphisms may have an effect on drug sensitivity and radiosensitivity.
Gln399 allele frequency rates in the Caucasian and Asian controls were 35% and 30.86%, respectively. The Trp194 allele frequency was 27.6% in Asian controls, which was significantly higher than the 6.6% frequency in the Caucasian controls. These frequency rates were similar to the rates reported in a previous meta-analysis [57] . [45] and
Liu et al [31] were not in Hardy-Weinberg equilibrium, probably because of the small sample size that was used.
Because only a few studies examined the association between polymorphisms and glioma risk in Asian subjects, and the OR was not altered substantially when the subgroup in Hardy-Weinberg equilibrium was pooled, we included these two studies [31, 45] in our analysis.
Nevertheless, final conclusions cannot be drawn by studying only the genotype distribution in the healthy controls. Other factors, such as ionizing radiation and genetic background, should be considered, and further studies in Asian populations with larger sample sizes are still needed.
There were some limitations in this meta-analysis. First, significant heterogeneity between studies was observed in some of the comparisons, mainly because of the limited sample size, variability among populations, and variations in the genotyping methods and experimental designs. Second, nine of the 12 selected studies were hospital-based and only three were population-based. Although the subjects were collected randomly from the general population, there is still some risk of selection bias. The genotype distributions of the controls in three of the studies deviated from Hardy-Weinberg equilibrium [45, [47] [48] . Third, only data published in the selected databases were included. It is possible that some relevant unpublished or published studies that reported invalid re- Funnel plot with pseudo 95% confidence limits sults were missed, causing our results to contain some inaccuracies. Fourth, the ethnicity data were not stratified by other factors such as pathological grade and ionizing radiation exposure, because sufficient information could not be extracted from the limited number of original studies. Despite these limitations, we chose the fixed or random effect model according to the heterogeneity, and performed subgroup analysis to reduce the heterogeneity. At the same time, sensitivity and publication bias were investigated.
In conclusion, our results suggest that the XRCC1 Arg399Gln polymorphism is associated with increased risk of glioma, especially in Asian populations. The Arg194Trp and Arg280His polymorphisms lack association with glioma risk in the common population. More well-designed studies with larger sample sizes are needed to fully analyze the associations of XRCC1 polymorphisms with glioma risk, which may reveal the combined effects of related DNA repair gene polymorphisms.
